The effects were compared of T0901317, a liver X receptor agonist, on deposition in the liver and serum and lymphatic absorption of plant sterols in strokeprone spontaneously hypertensive rats (SHRSPs) having a missense mutation in Abcg5, which codes for ATPbinding cassette transporter (ABC) G5, with those in Wistar rats. Both strains were pair-fed for 7 d with a 0.5% plant sterol diet with or without 5 mg/kg of body weight of T0901317. The deposition of plant sterols in the liver and serum was higher in SHRSPs than in Wistar rats. A significant reduction of plant sterol deposition was observed in Wistar rats, but not in SHRSPs when T0901317 was given. Both strains were then fed for 7 d with a control diet with or without T0901317. The lymphatic absorption of plant sterols was reduced to almost half the normal level by the T0901317 treatment. However, no difference in absorption was apparent between SHRSPs and Wistar rats regardless of the T0901317 treatment. These results suggest that the plant sterol deposition in SHRSPs was not necessarily caused by the increased absorption of plant sterols.
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It is widely known that plant sterols are hardly accumulated in the human body. 1) However, such plant sterols as sitosterol and campesterol are deposited in the plasma and tissues in sitosterolemia, an autosomal recessive disorder.
2) It has been reported that the intestinal absorption of plant sterols was higher and their excretion from the liver to the bile was lower in sitosterolemic patients than in normal subjects.
3) Various mutations in ABCG5 and ABCG8, which respectively code for ATP-binding cassette transporters (ABC) G5 and G8, have been identified in sitosterolemic patients. 4, 5) ABCG5 and ABCG8 are mainly expressed in the liver and intestines and are considered to work as heterodimers. 6) Studies of these genes using transgenic and knockout mice have suggested that ABCG5 and ABCG8 excreted incorporated plant sterols from enterocytes to the intestinal lumen and from hepatocytes to the bile. 7, 8) We have previously reported that stroke-prone spontaneously hypertensive rats (SHRSPs) had plant sterol deposits in their bodies.
9) The lymphatic recovery of 3 H-sitosterol given in the stomach was higher and the biliary excretion of campesterol and sitosterol was lower in SHRSPs than in Wistar King A (WKA) rats, a strain having no mutation in Abcg5. 9) Later studies have identified a missense mutation in the Abcg5 gene of SHRSPs. 10, 11) These results strongly suggest the possibility that sterol excretion by ABCG5 and ABCG8 in SHRSPs was suppressed due to a missense mutation of Abcg5 and that they therefore accumulated plant sterols in their bodies.
Despite these observations, the lymphatic recovery of plant sterols was not accelerated in SHRSPs when compared to Wistar rats with no mutation in Abcg5, 12) although SHRSPs deposited more plant sterols than Wistar rats. 9) Our results suggest a possibility that the deposition of plant sterols in SHRSPs was not caused by an increase in plant sterol absorption in the intestines. We have also shown by an in situ time-course study that the incorporation of radiolabeled sitosterol into the intestinal mucosa was almost the same between SHRSPs and Wistar rats, 12) suggesting that the mutation of Abcg5 did not influence the intestinal absorption of sitosterol. The effects of T0901317 (T0), a liver X receptor (LXR) agonist, on the lymphatic absorption and deposition of plant sterols are investigated in the present study in SHRSPs and Wistar rats. It has been reported that this LXR agonist increased the expression of Abcg5 and Abcg8 and accelerated the excretion of cholesterol to the intestinal lumen and bile. 13) It is thought that if the plant sterol excretion function of ABCG5 and ABCG8 was disturbed by the mutation of Abcg5 in SHRSPs, the reduction of lymphatic absorption and deposition of y To whom correspondence should be addressed. Fax: +81-22-717-8802; E-mail: iikeda@biochem.tohoku.ac.jp Abbreviations: ABCA1, ATP-binding cassette transporter A1; ABCG5, ATP-binding cassette transporter G5; ABCG8, ATP-binding cassette transporter G8; FAS, fatty acid synthase; LXR, liver X receptor; NPC1L1, Niemann Pick C1-like 1 protein; SHRSP, stroke-prone spontaneously hypertensive rat; SREBP, sterol regulatory element-binding protein; T0, T0901317; WKA, Wistar-King A; WKY, Wistar Kyoto plant sterols in the body by the administration of the LXR agonist would be disturbed in SHRSPs when compared with Wistar rats.
Materials and Methods
Materials. T0 was purchased from Cayman Chemical (MI, USA). The plant sterol mixture (brassicasterol, 2.9%; campesterol, 28.4%; stigmasterol, 11.7%; sitosterol, 50.4%; and sitostanol, 2.4%) was kindly provided by Kao Co. (Tokyo, Japan). Triolein was purchased from Sigma-Aldrich (Tokyo, Japan) and sodium taurocholate (>97%) was purchased from Nacalai Tesque (Kyoto, Japan).
Feeding study of plant sterols. Four week-old male Wistar rats (n ¼ 16; Sea: Wistar, outbred, Seac Yoshitomi, Fukuoka, Japan) and SHRSPs (n ¼ 16) (SHRSP/Izm, inbred, Japan SLC, Shizuoka, Japan) were fed for 4 weeks on an AIN-93G purified diet 14) containing 10% lard (the control diet). The rats were pair-fed to eliminate any difference in food intake between the rat strains. The plant sterol content in lard was extremely low, making plant sterol deposition in these rats almost negligible during the feeding period. Both strains were then assigned to two groups (n ¼ 8 of each strain per group). The first group of each strain was then fed with a diet containing a 0.5% plant sterol mixture (the PS diet) for 7 d (T0(À)). The other group of each strain was fed with the PS diet containing 5 mg/kg of body weight of T0 (T0(þ)). The plant sterols and T0 were supplemented to the control diet in each case. Feces were collected between day 6 and day 7 of the feeding period, before the rats were sacrificed by decapitation. The liver and intestines were excised, and the intestinal mucosa was scraped off. All animal studies were carried out under the guidelines for animal experiments of Faculty of Agriculture in Graduate School of Kyushu University, and Law 105 and Notification 6 of the government of Japan.
Lymphatic recovery of the plant sterols. Four week-old male Wistar rats (n ¼ 16) and SHRSPs (n ¼ 16) were fed on the control diet for 4 weeks. Both of the strains were then assigned to two groups (n ¼ 8 for each strain per group). One group was fed with the control diet for one more week (T0(À)), while the other group was fed with the control diet supplemented with 5 mg/kg of body weight of T0 for one week (T0(þ)). These rats were subjected to cannulation surgery in the thoracic duct and intragastrically given 1 mL/100 g of body weight of a test emulsion containing 67 mg of sodium taurocholate, 17 mg of fattyacid free bovine serum albumin fraction V (Serologicals, Kankakee, IL, USA), 67 mg of triolein, and 6.67 mg of a plant sterol mixture in a 1-mL total volume. The surgery, maintenance of the rats and all other procedures were performed as described previously. 15) Lipid analyses. The serum and liver lipids were extracted and purified by the method of Folch et al. 16) Feces were lyophilized and weighed. Powdered feces were extracted at 80 C with absolute ethanol, the extract was hydrolyzed in a sodium hydroxide solution at 120 C, and the neutral steroids were extracted with diethyl ether. The neutral steroids obtained were quantified by GLC as described next.
Sterol analysis. After saponifying the total lipids in the liver, blood serum, and lymph, the unsaponifiable matter was converted to trimethylsilylether and quantified by GLC in a SPELCO SPB-1 column (0:25 mm Â 60 m, 0.25-mm film thickness, Sigma-Aldrich), using 5-cholestane (Sigma) as an internal standard. 17) Northern hybridization. Rat total RNA was extracted from the liver, proximal intestine, and distal intestine by ultracentrifugation according to the method of Chirgwin et al., 18) and was used for northern blot hybridization probed with radiolabeled specific cDNA. 19) Primers designed for Abcg5 (forward, 5
0 ; reverse, 5 0 -TGAACATCACCAATCTTGAATTGAC-3 0 ), and Abca1 (forward, 5 0 -CAAGGTATCGGGGTCCAATG-3 0 ; reverse, 5 0 -CATTATGCTGGGGACAGACT-3 0 ) were used to generate PCRamplified probes from cDNA that had been prepared from rat liver total RNA. All cDNA sequences were confirmed by a Gene Rapid DNA auto-sequencer (Amersham Pharmacia Biotech, Tokyo, Japan) to match the reported sequences. Rat fatty acid synthase (Fas) cDNA was kindly presented by Dr. Iritani. 20) Hamster Srebp-1 and human ribosomal 18s RNA cDNA clones were obtained from American Type Culture Collection (Rockville, MD, USA). cDNA was labeled with [-32 P] dCTP (3,000 Ci/mmol; Amersham Biosciences, Tokyo, Japan) by the Multiprime DNA labeling system (Amersham Pharmacia Biotech) according to the manufacturer's instructions. The hybridization signals were quantified with FLA-5000 (Fuji Photo Film Co., Tokyo, Japan). The results were standardized by the ribosomal 18s RNA levels to correct for loading losses.
Statistical analysis. All data are expressed as the mean AE SE. Twofactor ANOVA was performed, p < 0:05 being considered as significant. The Tukey-Kramer test was used for comparison among the groups when interaction was observed.
Results

Plant sterol intake
The average plant sterol intakes were 83:4 AE 0:0 and 83:3 AE 0:1 mg/d, respectively, for the T0(À) and T0(þ) groups of Wistar rats, and 81:4 AE 1:3 and 80:7 AE 1:5 mg/d, respectively, for the T0(À) and T0(þ) groups of SHRSPs.
Deposition of plant sterols in the serum and liver The concentrations of campesterol and sitosterol in serum of the T0(À) groups were about 2 times higher in SHRSPs than in Wistar rats ( Table 1 ). The T0 treatment reduced the serum campesterol and sitosterol concentrations to 1/3 of the normal levels in Wistar rats, whereas it did not influence their concentrations in SHRSPs. The depositions of campesterol and sitosterol in the liver of the T0(À) groups were 2.4-fold higher in SHRSPs than in Wistar rats. The T0 treatment reduced the amounts of campesterol and sitosterol to less than half in the Wistar rats (Table 1) . However, the deposition of campesterol and sitosterol in the T0-treated SHRSPs was almost the same as that in the T0(À) SHRSPs. 
Fecal excretion of plant sterols
No significant difference was observed in the fecal plant sterol excretion among the four groups (Table 2) . mRNA expression in the proximal and distal intestines There was no significant difference in mRNA expression levels of Abcg5, Abcg8, and Abca1, the target genes of LXR, in the proximal and distal intestines between the Wistar-T0(À) and SHRSP-T0(À) groups (Table 3 ). The T0 treatment significantly increased the expression levels of these genes in both Wistar rats and SHRSPs when compared with the T0(À) group.
mRNA expression in the liver
The T0 treatment significantly increased the mRNA expression levels of Abcg5, Abcg8, Srebp1, and Fas in both strains (Table 4) .
Lymphatic recovery of plant sterols
The lymphatic recovery of campesterol and sitosterol for 24 h in the T0(À) group was comparable between Wistar rats and SHRSPs (Fig. 1) . The T0 treatment dramatically decreased the lymphatic recovery of campesterol and sitosterol in both strains by 50% or more when compared with the T0(À) groups. However, no difference was observed between the two strains.
Discussion
The intake of plant sterols by the rats was almost the same among the four groups, enabling the results for plant sterol deposition to be directly compared with each other. Consistent with the results of our previous study, 9) the amounts of campesterol and sitosterol in the serum and liver under the T0(À) condition were higher in SHRSPs, having a missense mutation in Abcg5, than in Wistar rats, having no mutation in Abcg5 ( Table 1) . The plant sterol levels in the serum and liver of the Wistar rats were dramatically reduced by the T0 treatment, in which the mRNA abundance of intestinal and hepatic Abcg5 and Abcg8 was elevated (Tables 3  and 4 ). It has been reported that T0 increased the mRNA expression of Abcg5 and Abcg8, and reduced the plant sterol deposition in mice. 13) The results here suggest that plant sterol excretion was accelerated due to the increased expression of Abcg5 and Abcg8 in the Wistar rats. In contrast to the Wistar rats, no obvious reduction of plant sterols was apparent in the serum and liver of SHRSPs (Table 1) . These results suggest that the effect of T0 on plant sterol excretion was attenuated in SHRSPs, providing evidence for a mutation of Abcg5 causing a malfunction in plant sterol excretion by SHRSPs. 
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Data are presented as the mean AE SE of 8 rats per group. Means not sharing a common superscript letter significantly differ at p < 0:05. In contrast to the results of the feeding study, the lymphatic recovery of campesterol and sitosterol was comparable between SHRSPs and Wistar rats in the T0(À) groups (Fig. 1) . These results are consistent with our previous observations. 12) We have also reported that the lymphatic recovery of radiolabeled sitosterol was the same between these two strains regardless of the dose. 21) When a bile salt micelle containing radiolabeled sitosterol was infused into the duodenum of Wistar rats and SHRSPs in situ, no difference in the incorporation of radioactivity into the intestinal mucosa was apparent between the two strains. 12) Our conclusion was that the deposition of plant sterols in SHRSPs was not caused by an increase in plant sterol absorption. The results in the present study support this conclusion. The T0 treatment significantly decreased the lymphatic recovery of campesterol and sitosterol, suggesting that the expression of ABCG5 and ABCG8 was increased and that the excretion of plant sterols was accelerated in the intestines. However, no difference in plant sterol absorption was apparent between SHRSPs and Wistar rats with the T0 treatment (Fig. 1) . Our previous observations 12, 21) and our results in the present study suggest that ABCG5/ABCG8 in the intestines of SHRSPs functioned normally for the lymphatic absorption of plant sterols. It is not yet clear, however, why a missense mutation of Abcg5 in SHRSPs did not cause any increase of intestinal plant sterol absorption. Although T0 obviously reduced the hepatic and serum plant sterols in Wistar rats, its effect was not apparent in SHRSPs. Our results again strongly suggest that the lymphatic absorption rate of plant sterols was not an important determinant for plant sterol deposition in SHRSPs.
It is not clear at present why the deposition of plant sterols was higher in SHRSPs, although the intestinal absorption of plant sterols was not significantly accelerated. Since ABCG5 and ABCG8 are expressed in the liver and it is thought that plant sterols are excreted to the bile via ABCG5/ABCG8 in the liver, there is a possibility that the biliary excretion of plant sterols was suppressed in SHRSPs. Our previous study has shown that the biliary excretion of plant sterols was significantly lower in SHRSPs than in WKA rats, although SHRSPs deposited plant sterols in the liver. 9) It has been reported that biliary cholesterol excretion was almost negligible in Abcg5/Abcg8 knockout mice, 8, 13) suggesting that ABCG5/ABCG8 were critical for excreting sterols into the bile. In contrast, ABCG5 and ABCG8 cannot be the sole determinants of sterol absorption in the intestines, because sterols are also incorporated through simple diffusion and Niemann Pick C1-like 1 protein (NPC1L1), which has been reported to play an important role in the intestinal absorption of sterols. 22) The influence of a malfunction of ABCG5 in SHRSPs might therefore be represented more clearly in the biliary excretion than in the intestinal absorption. Although the lymphatic absorption of plant sterols in SHRSPs was reduced by the T0 treatment, their deposition in the serum and liver was not decreased (Table 1 ). This could be also explained by the low biliary excretion of plant sterols, even in the condition of the T0 treatment. It is thought that plant sterol deposition was not particularly attenuated in the T0 treatment of SHRSPs, because of the limited excretion of plant sterols into the bile. There would otherwise be the possibility that plant sterols were differently distributed in tissues other than the serum and liver between SHRSPs and Wistar rats. More in-depth studies are necessary to reveal the mechanisms for plant sterol deposition in SHRSPs.
As shown in Table 2 , the fecal excretion of plant sterols was measured as a marker for the excretion of plant sterols from the intestines and bile. Although the mutation of ABCG5 and the administration of T0 induced a respective dramatic increase and decrease of plant sterols in the liver, the fecal excretion of plant sterols was not changed. The results suggest that the differences in amounts of plant sterols absorbed between the T0(À) and T0(þ) treatments and between SHRSPs and Wistar rats were considerably smaller than the amounts of plant sterols contained in the feces. However, since fecal excretion data is not necessarily quantitative, we are planning to directly measure the biliary excretion of plant sterols in the near future.
Batta et al. have observed by the plasma dual isotope ratio method that, compared with Wistar rats, WKY rats, having the same mutation in Abcg5 as SHRSPs, enhanced the absorption of sitosterol. 23) Their observation disagrees with our results. They measured the intestinal absorption of sitosterol by the dual isotope ratio method which indirectly measures the intestinal absorption of sterols. We believe that the lymphatic absorption method we used for direct measurement would be more accurate than the indirect method. The animals were fed ad libitum for 4 weeks on the control diet containing 10% lard, and then both strains were assigned to two groups. One group was given the control diet for one more week (T0(À)) and the other group was given the control diet supplemented with T0 (T0(þ)) for one week. The animals were then subjected to an absorption study. Data are presented as the mean AE SE of 8 rats per group.
